There is considerable evidence that co-infection with the sexually transmitted pathogen Neisseria gonorrhoeae (Gc) can increase the likelihood of both transmitting and acquiring HIV-1 worldwide. However, less information is available on how host immune response to co-infection differs with immune response to HIV-1 infection alone. To evaluate HIV-1 burden effects on host response to co-infection with Gc, we performed gene-expression profiling of human PBMCs infected over a broad range of viral titers (HIV-1 series) and upon exposure to a single infectious dose of Gc (HIV-1/Gc series). The transcriptional profiles differed substantially between each series (P < 0.0001). Major shifts in the transcriptional landscape were identified in contour plots based on fold stimulation and hierarchical clustering. Prominent regions of transcriptional activity were evaluated for statistical enrichment to identify up-regulated pathways associated with immune response, infection and T-cell stimulation. Notably, gene enrichment was dependent on HIV-1 burden and shifted during co-infection to reveal a disproportionate effect on lymphocyte signaling, apoptosis and proteasome activity. Further evaluation of these findings may help to better understand the role of viral burden in defining cellular contribution to host immune response upon co-infection with secondary sexually transmitted pathogens.
Introduction
While HIV-1 and Neisseria gonorrhoeae have been linked in many epidemiologic studies evaluating the influence of secondary sexually transmitted infections (STIs) on viral shedding (1) (2) (3) (4) , there is far less information concerning immune response mechanisms engaged during co-infection. Models for characterizing co-infection (5) tend to emphasize a role for gonococcal infection-induced lymphocyte activation and redistribution that presumably influence viral load through an increase in local inflammation and target cell recruitment (5) (6) (7) . Other studies suggest a direct connection between N. gonorrhoeae and HIV-1 wherein gonococci activate HIV-1 transcription through surface-mediated signaling of infected cells (8) . In those studies, however, the likelihood for direct Gcmediated activation of HIV-1-infected cells (which represents a small fraction of total circulating lymphocytes) is uncertain. By contrast, there is relatively less information available on how differing viral burdens might influence host immune response upon co-infection with secondary STIs.
Identifying biomarkers that represent immune correlates engaged among HIV-1-prevalent populations that experience co-infections would assist in better defining host cofactors that are associated with favorable immune response and pathogen clearance. Furthermore, there has not been a direct evaluation of the potential role for variable HIV-1 burden in altering immune correlates of host response to secondary infection. HIV-1 infection has been previously evaluated within the context of various viral, parasitic and bacterial secondary infections (9, 10) that collectively implicate a role for chronic immune stimulation in HIV-1 pathogenesis. HIV infection has also been variably associated with an inflammatory syndrome (11) detectable in both plasma and genital secretions during Gc infections (7, 11) . Microbial infections have also been specifically linked to changes in the levels of T h 1 and T h 2 effector cytokines upon infection by Cryptococcus neoformans (12) , Schistosoma (10) and N. gonorrhoeae (13) . Pathogenassociated immune activation associated with these cytokines has been proposed to influence host susceptibility to HIV-1 infection, as well as disease progression (14) . However, the significance of changes in these cross-regulated cytokine networks, and their relevance to HIV-1 disease progression, is unclear (15, 16) .
Understanding how HIV-1 infection alters host response upon infection with a secondary pathogen represents a significant research challenge. With the advent of genome-wide analysis using microarray technology, the opportunity to describe a broad landscape of HIV-1-mediated effects on the cellular transcriptome can now be conducted under different pathogenic scenarios, such as co-infection. Transcriptional profiles obtained with microarrays have been recently employed to characterize gene-expression patterns during single infections with either HIV-1 (17) (18) (19) (20) (21) (22) or N. gonorrhoeae (23), but not both.
We describe the use of human Affymetrix U133A 2.0 gene chips that contain~23 000 probes to assess HIV-1-dependent gene expression in a dosage series of infected PBMCs that were stimulated with N. gonorrhoeae (Gc) for 6 h in vitro as a model for co-infection. The short-time (6 h) exposure was chosen to allow signaling induced by Gc exposure (data not shown; M. Rarick, C. McPheeters, S. Bright, A. Navis, J. Skefos, P. Sebastiani and M. Montano, submitted for publication), while minimizing the potential for an indirect effect of Gc on HIV-1 replication. Using a set of annotated lists based on the Gene Ontology (GO) database and compiled pathway gene lists from National Center for Biotechnology Information (NCBI), we demonstrate that secondary gonococcal exposure elicited an HIV-1-dependent effect on the host transcriptome, with emphasis on genes implicated in inflammatory response, the T-cell activation program and programed cell death.
Methods

Cells and co-infection design
Donor PBMCs were obtained by apheresis from four normal volunteers followed by Ficoll-Hypaque isolation. Cells were suspended in RPMI medium 1640 containing 10% endotoxinfree fetal bovine serum (FBS), 100 lg ml ÿ1 penicillin and 100 units ml ÿ1 streptomycin (Invitrogen, Carlsbad, CA, USA). PBMCs were PHA/IL-2 (Becton Dickinson, Bedford, MA, USA) stimulated for 48 h, then washed and infected overnight in quadruplicate with log 10 serially diluted HIV-1 (BaL strain). Cells were then washed and cultured in medium supplemented with IL-2 and monitored for viral infection over the course of 10 days. Viral stocks were propagated in donor PBMCs that may contain inducible factors. Therefore, a virallimiting dilution approach was taken to define a single infectious dose based on the Poisson distribution model (24) while controlling for potential media effects that might have lower dilution end-points. This approach allowed us to control for media exposure in dilutions that were HIV-1 negative, based on p24 and HIV-1 gag RNA measurement. On day 10, cultures were stimulated for 6 h with Gc [F62 strain, multiplicity of infection (MOI) = 10] or mock stimulated. Neisseria gonorrhoeae (F62 strain) was grown on chocolate agar, collected with a cotton swab and suspended in PBS prior to addition to cell cultures. Bacterial concentrations in PBS were determined using OD 600 readings from a SmartSpec 3000 (BioRad, Hercules, CA, USA). The optical density (OD) measurements were then multiplied by 1.0 3 10 9 cells ml ÿ1 per OD and added to cultures at an MOI = 10 in a total volume of 100 ll of PBS. Mock stimulation was conducted by addition of 100 ll of PBS alone to cultures. Supernatants were harvested from the HIV-infected and the HIV-1/Gc-co-infected cultures for p24 determination and cells were harvested for RNA isolation and subsequent microarray analysis. This study was conducted under protocols reviewed and approved by the institutional review boards at the Harvard School of Public Health and the Boston University School of Medicine.
Determination of infection by p24 ELISA
Viral gag (p24) antigen in the culture supernatants was measured by the Alliance p24 HIV-1-capture ELISA kit (Perkin Elmer, Boston, MA, USA) according to the manufacturer's instructions.
Preparation of RNA for microarray
Total RNA was extracted from PBMCs exposed to HIV-1 alone or HIV-1 followed by Gc using the RNeasy extraction kit (Qiagen, Valencia, CA, USA). Trace DNA was removed from the RNA samples using the DNA-free kit (Ambion, Austin, TX, USA) and the RNA concentrations were determined using the NanoDrop-1000 (NanoDrop Technologies, Rockland, DE, USA). Five micrograms of each total RNA specimen was provided to the Boston University Microarray Facility for labeling, amplification and hybridization to a U133A 2.0 chip from Affymetrix (Santa Clara, CA, USA). Hybridization signals were read using an Affymetrix Genechip Scanner 3000 and processed with the statistical software MAS 5.0. Probes were filtered based on the presence/absence, resulting in data for 13 245 probes (12 333 occurrences, representing 8386 unique genes).
Real-time reverse transcription PCR validation
Human CD69, TNFSF6, CXCR4, IL-8 and 18S rRNA (endogenous control) were measured using Assays-on-Demand from Applied Biosystems Inc. (Foster City, CA, USA). Fifty nanograms of each sample was used per reaction in duplicate and was normalized to each sample's corresponding 18S fluorescence value.
Multiplex quantification of cytokines and chemokines
Cell-free supernatants from replicate wells were thawed and then mixed using 100 ll from each well. Each mixture was then analyzed in duplicate for the accumulation of IL-2, IL-4, IL-8, IL-10, IFN-gamma and MCP-1 protein analytes using the Bioplex system from BioRad according to the manufacturer's recommendations.
Analytic strategy and microarray analysis
The resulting gene expression profiles were evaluated for trend change in the HIV-1-dependent gene expression as a fold difference of high viral dosage divided by baseline lowest dosage (where both viral RNA and p24 antigen were undetectable) and also through the use of model-based hierarchical clustering (HC) to identify genes with similar profiles of expression over the HIV-1 dosage series. In HC, probes were partitioned into clusters sharing a similar behavior over the five different dosages of the HIV-1 series and six different conditions in the HIV-1/Gc-stimulated series. The dose series was identical for both the HIV-1 and HIV-1/Gc series. However, one array was excluded due to array quality in the HIV-1 series (corresponding to the 10 ÿ6 ). The two lowest dilutions (10 ÿ8 and 10 ÿ9 ) for the HIV-1 series were negative for HIV-1, based on p24 and viral RNA measurement; therefore, they were averaged and used as a baseline for all gene-expression measurements. This cluster analysis was performed using a previously described Bayesian approach, CAGED (25) . The Affymetrix data sets can be accessed at http://www.ncbi.nlm. nih.gov/geo/, under the accession number GSE2505. Supplementary material for figures is available online.
Gene density plots (contour plots) were generated by first tabulating gene expression for each gene in both series based on fold expression, within designated expression intervals (e.g. 2.0-2.5) to generate a gene density spreadsheet in Excel (Microsoft, Seattle, WA, USA) that was converted to a density plot using SigmaPlot (SPSS, Chicago, IL, USA). Chi-squared analysis was used to determine significant differences in the number of genes per expression interval, based on coinfection or HIV-1 infection alone. Bayes' theorem was used to compute the probability that a gene is in one of the three categories given its change of expression. Fisher's exact test was used to evaluate the overall effect of co-infection on PBMC-derived gene expression for biologically relevant enrichment using Expression Analysis Systematic Explorer (EASE) (http://david.niaid.nih.gov/david/ease.htm). HC methods were used as described (25, 26) . Chi-squared analysis was used to determine significant differences in the number of genes per expression interval, based on co-infection or HIV-1 infection alone.
In-house annotated lists, termed Montano Lab Gene Sets (MGS), were compiled from the GO database and existing references in PubMed Gene, as well as other online databases, and are deposited on the web supplement: http:// homepage.mac.com/monty_and_alan/.Public/web-supplement/ index.html.
Results
Establishment of an HIV-1 dose infection series and a single Gc exposure co-infection series
To model the effects of co-infection in vitro, PBMCs were infected in quadruplicate with HIV-1 (BaL) using serially diluted viral stocks (MOI range 0.001-100), monitored for viral p24 antigen production and harvested on day 10, postinfection. Half the cultures (two from each series) were then mock stimulated (HIV-1 series) or stimulated with N. gonorrhoeae (HIV-1/Gc series) for 6 h. After stimulation, all cultures were harvested for RNA isolation and measurement of p24 in cellular supernatant (see Methods and Fig. 1A ). A trend increase in viral supernatant p24 was observed with an MOI > 0.100 with the average of quadruplicates shown in Fig. 1(B) . A comparable trend increase was observed in cell-associated HIV-1 gag RNA based on quantitative real-time PCR (data not shown). HIV-1 was undetectable (by gag RNA PCR or p24 antigen) in the lowest two inocula (0.001 and 0.010) and was defined as the HIV-1-negative baseline. A single time point after infection was chosen to evaluate HIV-1 dose-dependent effects and to minimize time-dependent variation in gene expression for PBMCs.
Global expression distinguishes HIV-1 infection from HIV-1/Gc co-infection
To evaluate the overall influence of differing HIV-1 burden on stimulated gene expression in response to Gc exposure, we The distribution of genes based on fold stimulation indicated that modestly induced genes (1-to 1.5-fold) tended to be common to both series (3358 genes), with 56 versus 33% in HIV unique and 11% in HIV/Gc infected. A shift toward slightly higher stimulation (1.5-2.0) characterized the HIV-1 unique series (HIV unique)-stimulated genes (2011 genes, 44%) and genes induced >2 were predominantly represented by genes stimulated uniquely in the HIV-1/Gc series (1390 genes, 76%). Thus, when analyzed by fold analysis, gene distribution differences were all highly significant (chi-squared P values < 0.0001) for the comparisons HIV unique, HIV/Gc unique, and genes commonly induced.
Multiple HIV-1 dose-dependent gene-expression patterns (clusters) upon co-infection
While measuring fold difference can be useful for identifying large differences, this approach does not identify coordinate patterns of change. To address this limitation, we used modelbased HC to organize expression patterns into clusters based on increasing HIV-1 dosage. HC identified 15 clusters in the Gc-stimulated series associated with increasing HIV-1 dosage and 7 clusters associated with HIV-1 infection dosage alone. Clusters were assigned numbers arbitrarily and were then arranged based on median expression from most repressed to most induced and described as 'repressed', 'flat-tomodestly induced' or 'induced', as indicated ( Fig. 3 and web supplement to Fig. 3 ). Note the trend influence of increasing HIV-1 dosage on gene expression (left to right in each cluster series). Overall, most genes in both series were flat-tomodestly induced (64% for HIV-1/Gc co-infection, 97% for HIV-1 infection). Induced gene clusters were more common in the HIV-1/Gc series (31%) compared with the HIV-1 series (1%).
To evaluate the relationship between fold expression ( Fig. 2 ) and cluster patterns ( Fig. 3) in both series, we plotted cluster assignment versus the fold expression for each gene probe, shown as box plots in Fig. 4 . In the HIV-1 series, represented in the lower panel, one cluster represented induced genes (1%, cluster 5), whereas in the HIV-1/Gc series, seven clusters represented induced genes (31%, clusters 4-6, 11, 12, 14, 15) . Thus, Gc stimulation was markedly dependent upon the underlying level of HIV-1 burden in PBMCs.
Shifts in transcriptional landscape upon co-infection
To identify overall gene response to both series, contour plots were generated (see Methods) representing the fold induction for each gene in the HIV-1 series against the corresponding expression in the HIV-1/Gc series ( Fig. 5 ) as well as for the hierarchically clustered genes in both series (Fig. 6 ). Genes (Fig. 5 ) or clusters ( Fig. 6) were ordered from most repressed to most induced and represented as contour plots (see Methods and web supplement to Fig. 5 ). The overall pattern observed in the contour plot ( Fig. 5 ) indicated that co-infection in the HIV-1/Gc series broadly amplified the transcriptional activity exhibited in the corresponding HIV-1 series alone and was dependent upon the underlying HIV-1 dosage.
Statistical enrichment analysis identifies multiple biological cateogories
To identify categories of statistically enriched genes, we compared the representation of gene categories above 2-fold induction in both series (HIV-1 and HIV-1/Gc) with the representation of the same gene categories in the GO database and our annotated database by utilizing the EASE program which applies a Fisher's exact test as a measure of enrichment (Figs 5 and 6 and http://david.niaid.nih.gov/david/ ease.htm).
Categories of genes associated with T-cell stimulation, defined as 'TstimUp' and NCBI PubMed queries for HIV-1-associated genes defined as 'HIV associated' were significant in the HIV-1 series (P = 0.003 and P = 0.038, respectively). A transition in categories of genes associated with T-cell stimulation (TstimUp), RNA binding, response to endogenous stimuli, antiviral response, viral life cycle and viral infectious cycle occurred with all being enriched in the HIV-1 series but notably increased in number and significance in the corresponding HIV-1/Gc series (Fig. 5B ). Evaluation of clusters showing a trend median change in association with increasing HIV-1 (HIV-1 series clusters 2-5 and HIV-1/Gc series clusters 2, 4-7, 11,12, see Fig. 3 for cluster patterns) implicated the categories T-cell stimulation (TstimUp) and HIV-1-associated genes (HIV associated), as shown in Fig. 6 . EASE analysis of all clusters indicated that clusters 2-4 in the 'HIV-1 only' series and clusters 4-6, 11 and 12 in the 'HIV-1/Gc' series contained significantly enriched TstimUp genes.
To evaluate up-regulated genes (>2-fold) within the context of published HIV-1 literature, we compiled a list of genes associated with HIV infection termed, 'HIV-Assoc'. This list contains 777 genes derived from entries in both PubMed and the Human HIV-1 Protein Interaction Database (http:// www.ncbi.nlm.nih.gov/RefSeq/HIVInteractions/). The 147 selectively induced genes present in this list were further annotated using multiple pathway gene lists, MGS annotation (see web supplement). A subset of literature-associated and novel genes is summarized in Table 1 . A dendrogram and series profile of selected up-regulated genes in the HIV-1/Gc series were further annotated using our multiple pathway lists, as shown in Fig. 7(A and B) , and suggested that multiple genes overlapping with T-cell activation (TstimUp) and inflammatory response exhibited HIV-1-dependent up-regulation during co-infection. (A dendrogram of the full list is provided in the web supplement to Fig. 7 .)
Real-time quantitation of up-regulated genes and proteins across a broad range of expression
To validate genes implicated in both microarray series, realtime PCR quantitation was done on gene targets in a replicate infection series. Selected genes represented a range of expression levels, including CD69, FasL, CXCR4 and IL-8 ( Fig. 8A ). Trend increases for each gene were correlated with HIV-1 gag levels (indicated by r-squared values >0.95, see Fig. 8A ), as expected. However, IL-8 was only marginally correlated (r-squared value = 0.41) in this data set, but was correlated in other studies (data not shown). Global validation of gene categories associated with increased HIV-1 dosage awaits further study. Because many genes associated with T-cell stimulation were enriched in HIV-1 infection, we were interested in confirming the up-regulation of T-cell effectorassociated cytokines in response to infection. As shown in Fig. 8(B) , various T h and chemotactic cytokines (IL-2, IL-4, IL-8 IL-10, IFN-gamma and MCP-1) were secreted in the culture 
Discussion
Many N. gonorrhoeae infections occur within a significant background of HIV-1 infection, particularly among developing regions in the world and also within marginalized regions of the US. Neisseria gonorrhoeae (Gc) infection has been associated with an intense inflammatory immune response (7, (27) (28) (29) , but little is known about the nature of the immune response in the context of other prevalent secondary STIs such as HIV-1. We were interested in clarifying the interactive role of HIV-1 infection and gonococcal infection on the immunogenetic response in the blood. In this study, we describe a transition in the host transcriptome from a comparably modest HIV-1-dependent effect on host gene expression to a broader increase in global transcription upon co-infection with N. gonorrhoeae, with a disproportionate effect on genes associated with T-cell activation and viral infection. Whether amplified HIV-1-dependent gene expression in multiple gene categories occurs in vivo with concurrent STIs, such as Gc, awaits future studies. The modest effect of HIV-1 at a single time point post-infection was consistent with previous observations that evaluated HIV-1 infection, in time course studies using distinct cell types (17, 30) .
Host response to Gc stimulation of infected PBMCs appeared to increase both the range of HIV-1-dependent gene categories that were stimulated and the number of genes represented within each category (see Table 1 , Figs 6 and 7) . Statistical comparison of enriched gene categories in the HIV-1 series with categories in the HIV-1/Gc series further emphasized a transition from genes associated with response to external stimulus, immune response, response to stress and response to endogenous stimuli that were significant in the HIV-1 infection series to enrichment for the categories: TstimUp (T-cell stimulation associated), response to endogenous stimulus, regulation of apoptosis, transcriptional initiation, viral life cycle and viral infectious cycle in the HIV-1/Gc series. Co-infection also appeared to up-regulate multiple pathways including many genes previously associated with HIV-1-specific transcription (e.g. HTATSF1, HTATIP1/2, TARBP1, TARDBP, HRB/2), broader host transcription (e.g. NFKB1, REL, EGR2, JUN, CREB1, SP3, TBP and various TAFs), pro-apoptosis (Fas, FasL, TRAIL, various caspases), anti-apoptosis (ATM, TP53, BCL2, BCL2A1), chemotaxis (XCL1, MIP, IP-10, IL-8), memory-associated genes (STAT3, IFN-gamma, IL-12RB2, CD44), lymphocyte stimulation (CD69, CD38, CD28, CD80, CTLA-4), as well as signaling intermediates including heat shock proteins (HSPs)/chaperonins and MAP kinases (MAPK).
Genes associated with T h effector functions, e.g. IFNgamma, CXCL9 (MIG), CXCL10 (IP-10), CD44, IL-8, IL-6 and CXCR4, displayed HIV-1-dependent up-regulation by Gc. The induction of IFN-gamma production upon exposure to HIV-1 antigens ex vivo has been proposed to suggest a switch from a T h 2-type to T h 1-type cytokine profile (31, 32) . Multiple chemokines have been previously shown to inhibit viral replication (33) . Collectively, this may suggest that co-infection can exacerbate lymphocyte chemotaxis, resulting in the increased infiltration of HIV-1-susceptible target cells. Recruitment of leukocytes from circulation to the peripheral sites of inflammation depends on adhesive interactions of chemoattracted cells with their surrounding milieu, which occurs through specific adhesion molecules (e.g. CD44) (34, 35) . The chemokines MIG and IP-10 are inducible by IFN-gamma and associated with T h 1 effector functions. These chemokines have been implicated in HIV-1 infection and may play a role in facilitating the expansion of HIV-1 infection (36) . Increased levels of IL-6 and IFN-gamma have been previously detected in serum and tissues of HIV-infected patients, apparently in Table 1 . Annotation of selected transcripts that displayed HIV-1 dose dependent upregulation upon stimulation by Gc. Also note inset categories ( Table 1 cont.) response to infection (37, 38) , and IL-6 and IL-8 have been shown to be specifically up-regulated by HIV-1 Tat (39, 40) and may contribute to chemokine-mediated recruitment of CD4-positive T cells to sites of continuous viral replication.
It is noteworthy that we observed an HIV-1-dependent increase in CXCR4 expression upon stimulation with Gc. In this study, we used an R5 tropic strain (HIV-1 BaL). Whether upregulation of CXCR4 implicates a potential role for the Genomic profile of HIV co-infection with Gonorrhea 9
at Pennsylvania State University on February 21, 2013 http://intimm.oxfordjournals.org/ selective expansion of viruses with differing cellular tropism or whether CXCR4 up-regulation would modify T-cell trafficking or both will await direct experimental determination utilizing both X4 and R5 viral strains of HIV-1. HIV-1 disease progression has been previously associated with an expansion of viral co-receptor utilization and cell tropism from an initial utilization of CCR5 (R5 variants) to an expanded utilization of co-receptors notably including the CXCR4 coreceptor (X4 variants) (41) (42) (43) . The observation in this study that an HIV-1-dependent increase in CXCR4 expression occurred in the presence of Gonorrhea is consistent with other studies and suggests that co-infection with a secondary microbial pathogen may accelerate a switch in co-receptor utilization (44, 45) . Natural history studies of co-infected individuals will be essential to evaluate a potential effect of secondary infections on viral co-receptor utilization and disease progression.
Apoptosis plays a critical role in the progressive depletion of CD4+ T cells during HIV-1 infection (46, 47) and HIV-1 has been directly implicated in T-cell apoptosis through upregulation of CD95L (48, 49) , possibly mediated by the viral-encoded HIV-1 Tat protein (50) . Genes associated with programed cell death that were activated in this study during co-infection included both pro-apoptotic [e.g. TNFRSF6 (Fas/CD95), TNFSF6 (FasL/CD95L), CASP1, TRAIL/TNFSF10] and anti-apoptotic (BCL2, BCL2A1, ATM) transcripts (see Table 1 and Fig. 5 ). Our data might suggest that co-infection with Gc might differentially influence direct or bystanderinduced cell death. Interestingly, Neisseria have been previously implicated in both pro-apoptotic (51) and antiapoptotic signaling (23) .
Co-infection of N. gonorrhoeae and HIV-1 in peripheral blood cells has experimental limitations. HIV-1 predominantly infects lymphocytes, while urogenital epithelia appear to serve as the initial site of entry for Gc, though infections have been noted at many sites, including the peripheral blood (52) . In this study, viral infections were conducted using the CCR5 co-receptor-dependent monocyte/macrophage tropic strain (HIV-1 BaL) (53) . Previous studies have demonstrated that N. gonorrhoeae can infect monocyte/macrophage cells (54, 55) . In addition, a direct interaction by N. gonorrhoeae with primary human T cells (56) and activation of T cell lines containing HIV-1 constructs (8), collectively suggest that both pathogens are likely to influence both T cells and monocyte/ macrophages either through cell-surface signaling or by direct co-infection. In addition, the relative contribution to overall host response from distinct subsets of cells within PBMCs in this study is unknown as PBMCs represent a mixed population, including CD4+ T cells (50-60%), CD8+ T lymphocytes (20-25%), B lymphocytes (10-15%), NK cells (10%), monocytes (5%) and dendritic cells (<1%) (57) . Nevertheless, an informative survey of genomic expression and HIV-associated signatures during co-infection in PBMCs may be helpful to guide future studies on the relative contribution of distinct cellular subsets. We also chose to identify HIV-1-dependent effects on gene expression at a single time point, which has an advantage of identifying HIV-1 burden-dependent gene expression, while minimizing variation due to time in culture. Further studies will be required to determine the role of timeand dose-dependent influences of both HIV-1 and Gonorrhea on host gene expression.
Several activation markers (e.g. CD38, CD44, CD69, see Table 1 ) were up-regulated in an HIV-1-dependent fashion. Activation by HIV-1 has been previously associated with the up-regulation of genes involved in T-cell activation. Previous studies have suggested a link between activation of the apoptotic program and immune activation. In fact, chronic activation of the immune system has been proposed to contribute directly to progressive CD4+ T-cell depletion in vivo (58, 59) . This may be of particular relevance to the memory T-cell compartments which appear to be selectively ablated during the acute HIV-1 infection period (60) .
Genes associated with the chaperone pathway and heat shock including HSPE1 (HSP10) and HSPCA (HSP90) were differentially up-regulated by Gc, based on HIV-1 burden. HSP10 interacts with HIV-1 integrase, which is a substrate for the HSP60-HSP10 complex (61) . HSP90 and HSP70 regulate the assembly of an active CDK9-cyclin T1 complex responsible for P-TEFb-mediated HIV-1 Tat transactivation (62) . HSPs have also been associated with the activation of beta-chemokines that attract immune effector functions (63) .
Both NFKB1 and REL were HIV-1 dependently up-regulated during co-infection with Gc. These are both members of the NF-kappaB family which has been implicated in the immunomodulation of many target genes, including chemokines, and in the regulation of apoptosis (64) . Up-regulation of these transcription factors may in part explain the global upregulation observed in our Gc-exposed, differentially HIV-1infected cells. Also, constitutive expression of REL/NFKB activity in vitro has been shown to protect transformed cells against apoptosis induced by tumor necrosis factor (TNF), FasL or TRAIL (65-67).
The potential for bacterial adherence and invasion to have contributed differentially to our results is unknown. However, because gonococcal exposure occurred in RPMI medium containing penicillin and streptomycin (which are bacteriocidal for Gc), we speculate that surface contact-mediated signaling was the predominant mode of activation. Gc has many immunogenic components that can evoke host immune response. Many previous studies evaluating host response to Gc have generally observed the induction of a proinflammatory cytokine response, with some notable exceptions. In PBMCs, neisserial IgA1 protease was shown to induce IFN-gamma and CD69 (68); in macrophages, Opa and Pil variants were reported to induce TNF-alpha, IL-8, MIP-1alpha and CCL5/RANTES (69) . A comparative study of various bacterial exotoxins including Neisseria revealed elevated pro-inflammatory mediators IL-6, IL-8, TNF-alpha (70) in the peripheral blood. By contrast, other studies have suggested a role for anti-inflammatory response to infection. In T cells derived from N. gonorrhoeae, convalescent subjects that were stimulated in vitro with gonococcal Por protein produced increased amounts of IL-4 (13), suggesting that a T h 2-type response can be induced in peripheral blood. In a separate study, a specific Opa variant appeared to induce suppression in primary T cells derived from peripheral blood (56) . Therefore, our results likely represent a cumulative effect of signaling events mediated by distinct gonococcal components.
In the experimental scheme used in this study, Gc was added in equivalent amounts to an HIV-1 dose series that ranged from absent (based on absent gag RNA and absent p24) to >five logarithrm increases in HIV-1 burden. The use of HC and statistical validation then allowed for the identification of specific genes and biological categories based on their correlation with increasing HIV-1 levels. Those genes and categories were interpreted as being HIV-1 dependent since Gc was added at a single dose throughout the infection series. Because we normalized to the first value in each series (HIV-1 only, HIV-1/Gc), our experimental design could not formally identify Gc only effects. We speculate that the presence of Gc was interactive and necessary, but not sufficient, to identify HIV-1-dependent increases in gene expression. To confirm this, a more detailed temporal analysis of gene expression in response to these pathogens will be necessary.
A model representing the overall response to co-infection is shown in Fig. 9 and is based primarily on results from the two gene query lists: TstimUp and HIV-Associated (in Figs 5 and 6). Comparison of enriched genes within these categories supported the view that in co-infection, a significant increase occurred in the number of genes related to immune response, infection, transcription and T-cell stimulation. Notably, the composition of genes within these categories shifted with increased representation of proteasome/ubiquitination, HLA class I and II, programed cell death, phosphorylation cascades (PI3-kinase, protein kinase C, JAK-STAT, MAPK) and receptor (TCR, Wnt)-mediated signaling. We speculate that co-infection functions to overcome sub-threshold activation signals induced by infection alone with several outcomes, including increases in antigen processing due to up-regulation of immunoproteasomes and HLA expression (71, 72) , increases in IFN responsive and pro-inflammatory cytokine modulation due to increases in the JAK-STAT (73, 74) and MAPK cascades (75), chemotaxis of lymphocytes and macrophages due to up-regulation of the PI3-kinase pathway (76) (77) (78) and, finally, lymphocyte activation and proliferation through engagement of the TCR (79) and WntR (80) . A comparative analysis of the immune response in peripheral blood with matched genital fluids will be helpful to characterize the immune response, in vivo, and may assist in understanding co-infection pathogenesis, as well as in devising immune modulation strategies based on HIV-1 burden in populations where secondary pathogens pose a significant risk for co-infection.
Supplementary material
Supplementary material is available online. Fig. 9 . Model representing the overall host response to infection and differential effect of co-infection with Neisseria gonorrhoeae (Gc). 
